Geophysical and geological data from the eastern sector of the Central European Variscan belt are presented and reviewed in the regional tectonic context. Matched filtering of isostatic gravity, guided by results of spectral analysis, along with other derivatives of gravity and magnetic fields reveal a dominant WNW-ESE-trending pre-Permian structural grain in the external zones of the Variscan belt in Poland. This trend is confirmed by regional distribution of dips in Carboniferous and Devonian strata that were penetrated by boreholes beneath Permian-Mesozoic sediments. Based on these data, two alternative concepts explaining the connection of the Variscan belt and its NE foreland, those of strike-slip tectonics versus oroclinal bending, are discussed. The WNW-ESE structural trend in the Variscan foreland is parallel to a set of major strike-slip fault zones in the area, including those of Upper Elbe, Intra-Sudetic, Odra, Dolsk and Kraków-Lubliniec. These faults are considered to convey a significant dextral displacement between Laurussia and Gondwana. The revised position of the Variscan deformation front shows a similar, uninterrupted, generally WNW-ESE trend, up to the SE border of Poland, which indicates an initial continuation of the Variscan belt into the area of the present-day Western Carpathians. The geometry of the Variscan deformation front along with the pattern of the Variscan structural grain are inconsistent with the idea of an oroclinal loop affecting the external, non-metamorphic Variscan belt. However, the data presented do not entirely rule out an oroclinal loop within the Variscan internides. The still possible options are (1) a semi-oroclinal model postulating ~ 90° bending of the Variscan tectonostratigraphic zones into parallelism with the WNW-ESE strike-slip faults or (2) an orocline limited only to the belt linking the Wolsztyn High and Moravo-Silesian non-to weakly-metamorphic fold-and-thrust belt. Regardless of the kinematic model preferred, our data indicate that structural evolution of the Polish Variscides was concluded with the end-Carboniferous NNE-SSW shortening that resulted in the present-day extent of the Variscan deformation front.
Introduction
The European Variscan belt sharply changes its trend in easternmost Germany and western Poland, with respect to that prevailing in Germany and eastern to central France (Fig. 1) . The ENE-to NE-striking structures are replaced there by those of the 'Sudetic' ESE-to SE-trending ones (Fig. 1) , which are especially clear in the well exposed mountainous areas of the Variscan internides of the West and Central Sudetes at the NE margin of the Bohemian Massif and, therefore, has been reflected on all regionalscale geological maps since the 19 th century. The structures of still another, NNE-SSW strike, take the lead, however, in the East Sudetes and along the south-eastern margin of the Bohemian Massif (Fig. 1 ). In this way, at the north-eastern end of the latter, the Variscan belt makes nearly a U-turn, encircling the Bohemian Massif from the north. It is, thus, no surprise that these radical changes of Variscan structural trends have been explained for almost a century by assuming a 180° oroclinal loop, in which the Rhenohercynian and Saxothuringian tectonostratigraphic zones inarm the Moldanubian/Tepla-Barrandian core (e.g. Kossmat 1927; Lorenz 1976; Ellenberger and Tamain 1980; Lorenz and Nicholls 1984; Engel et al. 1983; Franke 1989a, b; Pożaryski and Karnkowski 1992; Pożaryski et al. 1992; Tait et al. 1997; Narkiewicz 2007) . According to this classical view, the outermost tectonostratigraphic zone of the Variscan belt, the Rhenohercynian Zone of Germany, continues eastward in the deep substratum of the Permian-Mesozoic German-Polish Basin and reappears at the surface along the eastern rim of the Bohemian Massif as the Moravo-Silesian Zone in eastern Czechia and southern Poland (including the eastern part of the East Sudetes). In the somewhat modified version of the oroclinal concept, Żelaźniewicz (2000, 2002) correlated the area SW of the Odra Fault with the Mid-German Crystalline High and the Wolsztyn High with the Northern Phyllite Zone, but have not openly suggested a continuation of the main, anchizonal part of the Rhenohercynian belt along the Baltica margin.
Since the late 1970s, an alternative view has gained an increasing attention that postulates a dextral transpressional regime during the final accretion of the Variscan terranes (Dewey and Burke 1973; Arthaud and Matte 1977; Badham 1982; Behr et al. 1984; Weber 1986; Matte 1991) . The transpressive character of the Variscan shortening, accommodated by prominent NW-SE dextral faults, was suggested by gravimetric and magnetic maps (Edel and Weber 1995) and a joint structural and paleomagnetic study (Edel et al. 2018) . This transpressional tectonic context is believed to have resulted from sublatitudinal, dextral displacements between the Gondwana and Baltica-Avalonia margins of Laurussia during Carboniferous to early Permian times (Arthaud and Matte 1977; Lewandowski 2003; Eckelmann et al. 2014) . Near the Carboniferous-Permian boundary, Gondwana decoupled from the newly formed European Variscan belt and proceeded westward, toward the southern edge of the Laurentian segment of Laurussia, owing to the development of the Appalachian subduction system (Ziegler 1989) . Concomitantly with the peak of the Alleghanian orogeny during early Permian time (c. 290 Ma; e.g. Hatcher 2002 ; Bartholomew and Whitaker 2010) , the European Variscan belt experienced reactivation of its major tectonic zones along a set of dextral strike-slip faults (Arthaud and Matte 1977; Badham 1982; Behr et al. 1984) . Arthaud and Matte (1977) proposed that a series of NW-SE-trending major strike-slip faults interrupting the continuity of the Variscan-Appalachian orogenic belt along a c. 6000 km long and more than 1000 km wide brittle megashear zone. In consequence, dismembered fragments of several Variscan tectonostratigraphic zones can be found in the Sudetes Mountains (SW Poland) and, potentially, underneath the German-Polish Basin, being dextrally displaced parallel to the Teisseyre-Tornquist Zone along the SW margin of the East European Craton (Fig. 2 ; Aleksandrowski 1990 Aleksandrowski , 1995 Aleksandrowski et al. 1997; Aleksandrowski and Mazur 2002) . According to this model, the Rhenohercynian and Moravo-Silesian Zones are not linked, but the latter represents an intra-Variscan suture zone along an active margin of the Brunovistulian Terrane (e.g. Matte et al. 1990; Aleksandrowski 1995) . The existence of important WNW-ESE dextral dislocations was also acknowledged by Żelaźniewicz (2000, 2002) , who included these features in their model of the 'Bohemian Arc' corresponding to a dissected Variscan orocline.
Recent years have brought important advancements in the recognition of the eastern Variscides. Firstly, a Variscan thinskinned fold-and-thrust belt has been seismically recognised in SE Poland (Krzywiec et al. 2017a, b) . Tectonic imbrication of Ediacaran to Carboniferous sediments overlying the SW slope of the East European Craton demonstrate that the Variscan belt was effectively terminated against a rigid buttress of the Precambrian crystalline basement, which occurred there at shallow depths. Secondly, an increasing body of evidence supplements the firmly established knowledge on a widespread occurrence of Variscan basement fragments involved in the Central and Inner Carpathian orogenic belts (e.g. Jeřábek et al. 2008; Králiková et al. 2016; Gawęda et al. 2017) , well beyond the traditionally accepted extent of the Variscan orocline of SW Poland. All these new discoveries, combined with the hitherto known facts, call for re-evaluation of the orocline-and strike-slip models.
The objective of the present paper is twofold. First, we investigate directions and continuity of structural trends in the external zones of the Variscan orogen in Poland and map a foreland extent of Variscan deformations using gravimetric-magnetic and borehole data. Second, we highlight structural similarities and differences between the sectors of the Variscan externides located on either side of the presumed oroclinal loop. These permit us testing the orocline-vs strike-slip concepts and develop an overall kinematic model for the NE Variscides.
Geophysical and structural data processing
Gravity and magnetic data used in this study come from the Central Geological Database (Central Geological Database 2019) operated by the Polish Geological Institute. Since the magnetic field attenuates faster than the gravity field with increasing distance from a source, magnetic anomalies are more accurate at revealing shallow features located within the upper and middle crust, such as e.g., the top of magnetic basement, whereas the gravity field has a better potential to represent deeper crustal structures (Blakely 1996) . Magnetic susceptibility of sedimentary rocks is one order of magnitude weaker than that of crystalline rocks, and, thus, sedimentary cover is practically transparent for the magnetic field, despite of possible local occurrences of intra-sedimentary volcanic rocks.
The configuration of Moho can have a large influence on the gravity anomalies because the density contrast between the lower crust and upper mantle is c. 0.35 g/cm 3 in the study area (e.g. Mikołajczak et al. 2019) . If the crust is in isostatic equilibrium (Airy-type), then the topography should be compensated by corresponding changes in the depth to the Moho, and this relationship can be used, along with the seismic refraction-based Moho grid (Majdański 2012) , to model the gravitational effect of the Moho. The depth of the compensating root at 33 km was assumed in the calculation. This isostatic gravitational effect was then subtracted from the Bouguer anomaly to produce an isostatic residual anomaly ( Fig. 3 ) which should highlight the remaining lateral density contrasts that exist within the crust (e.g. Simpson et al. 1986; Nabighian et al. 2005) . The isostatic residual anomaly map ( Fig. 3 ) enhances the gravity anomalies related to features at crustal level by removing long-wavelength anomalies related to Moho undulations or upper mantle variability. The isostatic residual gravity data were gridded at a 2000 m interval, using a minimum curvature algorithm.
Fig. 2
Simplified tectonic map of Central Europe showing the tectonic sutures and strike-slip faults discussed in the text. Base map modified from several sources including Franke et al. (1995) , Pharaoh (1999) and Banka et al. (2002) . Orientation of the Variscan deformation front in Poland after Jubitz et al. (1986) Jubitz et al. (1986) , VDF (B) Variscan Deformation Front after Pożaryski et al. (1992) , VDF Variscan Deformation Front (this study)
Magnetic data
The magnetic data base included nearly 800,000 measurements of the Total Magnetic Intensity (Central Geological Database 2019) that were compiled from a number of ground and airborne surveys. These data were gridded at a 500 m interval using a minimum curvature algorithm and upward continued to 500 m mean terrain clearance. The magnetic anomaly data were enhanced using the reductionto-pole (RTP) transform because of the vector nature of magnetization and variations in the inclination and declination of Earth's magnetic field with latitude ( Fig. 3) . The RTP transform attempts to simplify the magnetic field by rotating the magnetic vector to be vertical, thereby centring magnetic anomalies above their causative bodies (MacLeod et al. 1993 ).
Matched filtering
In general, the anomalies with long wavelengths are supposed to be produced by deep sources within the lower crust or upper mantle. The exception are laterally extensive, shallow bodies with gentle dips, as they can also generate long wavelength anomalies. In contrast, the short wavelength anomalies are related to shallow sources in the upper crust. On the whole, there is no straightforward relationship between the depth to a source and the wavelength of gravity and magnetic anomalies. A rule of thumb is that the depth to a causative body corresponds to 1/3 to 1/4 of the anomaly wavelength (Fairhead 2016) .
Spectral analysis (Spector and Grant 1970; Syberg 1972 ) has been applied to magnetic and gravity anomalies to estimate the contributions from sources located at different depths and, thus, constrain the deep structure of the crust. This approach can bring valuable information on location and geometry of major crustal boundaries as well as orientation of dominant structural grain, especially in the absence of good quality seismic sections. The separation of the gravity and magnetic signal into components generated at different depths can be achieved using the matched filtering technique (Syberg 1972) .
Matched filtering is a pseudo-depth slicing technique which allows an anomaly separation based on anomalies' different wavelengths. The method is based on the analysis of the Fourier power spectrum of gravity or magnetic data. The power spectrum is separated into several sections of roughly uniform slope ( Fig. 4) , each of them corresponding to an equivalent layer of specific depth (Spector and Grant 1970) . These depths are assumed to represent the most important density and susceptibility contrasts within the crust and confine fairly coherent crustal bodies. The depth range between equivalent layers provides a guidance for designing a bandpass filter, which amplifies signals produced by sources within a certain level of the crust and attenuates anomalies generated at different levels. Consequently, anomaly maps of band-pass filter derivatives emphasize the lateral density and susceptibility contrasts within the corresponding depth range of the crust.
The Fourier power spectra of gravity or magnetic data ( Fig. 4) were generated using GETgrid software package from Getech Group plc. (Getech 2019) . GETgrid uses a system, where the Nyquist wavenumber is set to be π. The Nyquist wavenumber (or strictly, the equivalent 1D Nyquist wavenumber) is the highest wavenumber that can be isotropically represented in the grid and has wavelength of twice the grid cell size. Thus, the wavenumber on the GETgrid horizontal axis has the value of 2 × cell_size × π/λ, where λ represents the wavelength measured in the same units as the grid (Fig. 4 ). Depth in the ground units of the grid can be picked from gravity or magnetic data using the Spector and Grant (1970) approach based on formula: depth = 1/4π × ΔlnP/Δk, where k = 1/λ.
Structural data
Structural data comprise more than 400 boreholes, published refraction seismic profiles P4 and CEL02 (Grad et al. 2003; Malinowski et al. 2005) and subsurface maps of the base-Permian-Mesozoic subcrop (Pożaryski and Dembowski 1983; Buła and Habryn 2011) .
The borehole data come from the Central Geological Database (2019), where most of the boreholes have formation tops and structural information from cored intervals: dip angles, core-scale structures and core descriptions. The cores are, however, unoriented. Few recently drilled deep boreholes with classified tops, but available termination depth (TD) stratigraphy were used in the most underconstrained areas.
The structural data were used in a twofold manner. First, integrated datasets were employed to construct two crustalscale cross-sections. Shallow subsurface was constrained by boreholes projected within a 10 km swath. Given a large number of boreholes along some segments of the cross-sections, a preference was given to those that penetrate pre-Permian stratigraphic or/and structural contacts and those containing dip data in the pre-Permian section. Seismic refraction profiles P4 and CEL02 provided key constraints on deep geometries (Grad et al. 2003; Malinowski et al. 2005) . Published results of seismic interpretation were used as proxies to structural styles (Antonowicz et al. 2003; Krzywiec et al. 2017a; Tomaszczyk and Jarosiński 2017; Krzywiec et al. 2018; Kufrasa et al. 2019) . Second, maximum dip readings from Carboniferous and/or Devonian intervals in each borehole have been contoured to produce a country-wide map of maximum dips in the external Variscan belt. The vast number (403) of boreholes used for contouring helped to overcome the inherent bias related to: various lengths of sampled intervals, various number and density of dip readings, presence of non-tectonic folds (e.g. slumped intervals), post-Variscan deformation, and various quality of core descriptions. This method allowed outlining the little deformed Variscan foreland and approximating a position of the Variscan deformation front.
Interpretation of gravity and magnetic anomaly maps
Our study is based on gravity and magnetic data since the Variscan foreland in Poland is entirely concealed beneath The extent of data used is shown in Fig. 7 . The wavenumber k on the horizontal axis has the value 2 × cell size × π/λ, where λ represents wavelength in ground units (metres). For the gravity grid (a), k = π at λ = 4000 since the grid cell size is 2000 m. For the magnetic grid (b), k = π at λ = 1000 since the cell size is 500 m. Depths are calculated based on formula: h = 1/4π × ΔlnP/Δk, where k = 1/λ Permian-Mesozoic and Cenozoic sediments. We applied spectral analysis to constrain the bandpass filtering of gravity data and emphasize the trend of structural grain recorded in the pre-Permian rocks. In general, spectral analysis is sensitive to the size of a window that is used for the calculation. Since the focus of this paper is on regional problems, data from the entire Palaeozoic Platform in Poland were employed in the analysis. The scope of data is shown in Fig. 3 as a white, dashed polygon, the NE boundary of which roughly coincides with the Teisseyre-Tornquist Zone. This way, the area analysed covers the entire extent of the eastern Variscides in Poland, regardless a position of the Variscan deformation front previously proposed (Fig. 3) . The radial power spectrum of the isostatic residual gravity data can be split into five sections, corresponding to discrete equivalent layers at depths of 33,260 m, 16,600 m, 7500 m, 4350 m and 2860 m (Fig. 4a ). The first one corresponds to the average position of the Moho discontinuity (Majdański 2012; Grad and Polkowski 2016) . The depth of 16,600 m can be interpreted as a depth to the top of middle crust beneath the Palaeozoic Platform in western Poland (outside the Bohemian Massif) based on estimates from compilations of seismic refraction data (Guterch and Grad 2006) or representative seismic refraction profiles (Grad et al. 2003 (Grad et al. , 2008 . The middle crystalline crust is characterised by seismic P-wave velocities in the range of 6.2-6.6 km/s (Guterch and Grad 2006) and in most locations probably represents the Precambrian crystalline basement. The top of the deformed lower Palaeozoic succession can be assumed at the average depth of 7500 m in the area of the Palaeozoic Platform beyond the Bohemian Massif. The mean depth to the top of folded and thrust Carboniferous strata (Variscan unconformity) corresponds to 4350 m. However, this is not the case in the part of the Fore-Sudetic Homocline adjacent to the Sudetes and within the Brunovistulian Block ( Fig. 3) . Therefore, the latter depth slice of 2860 m, less important for the goal of this study, may correspond to the top of Carboniferous in these areas. Alternatively, it may represent the top of the Permian evaporitic succession in the area of the Palaeozoic Platform.
The radial power spectrum of the RTP magnetic data can be split into sections, corresponding to 5 discrete equivalent layers at depths of 16,150 m, 4000 m, 2975 m, 1650 m and 470 m (Fig. 4b ). The deepest one is equivalent to the crystalline middle crust, whose nature is also revealed by the power spectrum of gravity data, the top of which represents an important density and susceptibility contrast. The depth of 4000 m may correspond to the top of the deformed Carboniferous succession or, more likely, the top of the directly overlying, lowermost Permian volcanic rocks (e.g. Geißler et al. 2008 ). The next two equivalent layers (2975 and 1650 m) probably represent the top of basement in the areas of thin sedimentary cover extending over the SW part of the Fore-Sudetic Homocline and the Brunovistulian Block. The shallowest equivalent layer corresponds to the Variscan crystalline basement exposed in the Sudetes.
According to the present state of the art, the external Variscides in Poland represent a fold-and-thrust belt (e.g. Mazur et al. 2006a Mazur et al. , 2010 in accord with the seismic profiles from SE Poland (Lublin Variscides; Krzywiec et al. 2017a, b) and surface data from the Moravo-Silesian foldand-thrust belt (Rajlich 1990b; Bábek et al. 2006 ; Fig. 3 ). Therefore, beyond the Bohemian Massif, Variscan deformation is mostly localised within sedimentary or low-grade rocks of the pre-Permian age. According to the power spectrum analysis, such rocks are comprised in a depth interval between ~ 16,500 and 4300 m. Using a common assumption that the depth of a causative body is between 1/3 and 1/4 of the anomaly wavelength (e.g. Fairhead 2016), the cutoff frequencies for the band-pass filter were adjusted to the depth of the selected equivalent layers using power spectrum analysis as guidance. Band-pass filtering (13-50 km) of the isostatic residual gravity anomalies suppressed gravity anomalies coming from the sources shallower than ~ 4.3 km and deeper than ~ 16.5 km (Fig. 5 ).
The area of the Palaeozoic Platform in Poland is dominated by two superimposed structural trends emphasized by band-pass filtering (Fig. 5 ). One is oriented WNW-ESE and corresponds to a dominant Variscan structural grain ( Fig. 6 ). This is confirmed by the similar orientation of structural trend in the area of the Sudetes. Superimposition on the similarly oriented Caledonian grain in the far Variscan foreland is not excluded though difficult to prove. The other structural grain runs NW-SE, parallel to the Mid-Polish Swell (Figs. 5, 6) . The origin of this structural trend is related to the Late Cretaceous inversion of the Permian-Mesozoic Polish Basin that inverted its depocentre, known as the Mid-Polish Trough, into the Mid-Polish Swell and reversed many normal faults (e.g. Dadlez et al. 1995) . The WNW-ESE oriented Variscan grain extends mostly undisturbed across the Variscan foreland from western Poland to the Holy Cross Mts. and the Lublin Basin (Figs. 5, 6, 7). The exception makes the Odra Fault and gravity anomalies adjacent from the north and south. They gradually bend SEward c. 40° toward the NNW-SSE orientation (Figs. 5, 7). Consequently, the Odra and Kraków-Lubliniec Faults are presently not aligned in one continuous feature although they both separate two contrasting domains: (1) the area to the south with strong, short-wavelength gravity anomalies representing relatively shallow basement, and (2) the area of lower amplitude and longer wavelength anomalies related to deeper basement in the north (Figs. 5, 7) .
Although the location of the major Variscan structural elements (the Intra-Sudetic, Odra, Dolsk and Kraków-Lubliniec Faults, Holy Cross Fault, front of the Moravo-Silesian belt, Saxothuringian and Staré Město Sutures) were not interpreted from the potential field data but compiled from regional maps available in the literature (Pożaryski and Dembowski 1983; Dadlez et al. 2000; Buła and Habryn 2011, Buła et al. 2015) they usually have a good expression in the anomaly patterns (Figs. 3, 5, 7) . Instead, the band-pass filter and total horizontal derivatives were used to interpret the orientation of the Variscan structural grain and, along with the data on maximum dips in Devonian-Carboniferous strata (see below), the position of the Variscan deformation front (Figs. 5, 7) .
The position of the Variscan deformation front in the east (Lublin Basin) is constrained by good quality seismic data (Krzywiec et al. 2017a, b; Tomaszczyk and Jarosiński 2017) . The interpreted position of the front farther NW relies on the band-pass derivative and distribution of structural dips. For reference, two most popular previous interpretations of the Variscan front in Poland (Jubitz et al. 1986; Pożaryski et al. 1992 ) are plotted on Fig. 3 . They both make an oroclinal loop cross-cutting the WNW-ESE oriented structural grain along their N-S oriented sections (Figs. 5, 6, 7) . This is important to note that the Variscan front in Poland consists of two independent segments. Besides the main stretch that is oriented WNW-ESE, approximately parallel to the Odra and Kraków-Lubliniec Faults, there is also a N-S oriented section in Upper Silesia, corresponding to the frontal thrust (Orłowa Thrust) of the Moravo-Silesian fold-and-thrust belt (Figs. 5, 7) . A continuation of this deformation zone beyond the Kraków-Lubliniec Fault is unclear.
Two early Carboniferous Variscan suture zones, the Saxothuringian and Staré Město Sutures, are, to some extent, imaged by potential field data in the Sudetes (Figs. 3, 5, 7) . They are oriented NNE-SSW, roughly parallel to the suture zones in the German Variscides (e.g. Franke et al. 2017) . Both the sutures are cut-off by the Intra-Sudetic Fault (though in different manner due to a late reversal of the sense of motion on the latter fault-see Aleksandrowski 1995; Aleksandrowski et al. 1997 ) and do not continue northward into the Variscan foreland.
Cross-sections through the external variscides
Two regional cross-sections 'A' and 'B' intersect the Variscan belt on either side of the traditionally presumed oroclinal bend (Figs. 2, 8) . Both cross-sections are tied to the East European Craton (EEC) that represents the ultimate foreland of Variscan deformations. Cross-section A passes 
Cross-section A
Palaeozoic substrate along cross-section A is buried under a thick Permian-Mesozoic succession of the German-Polish Basin. The top-Palaeozoic is situated 5 km b.s.l. in the depocentre and rises SW and NE towards the Sudetes and EEC, respectively. The top-basement is constrained in the extreme NE of the cross-section by a seismic tie from the Poland-SPAN™ PL1-1100 line (Krzywiec et al. 2014) . Elsewhere, an interpretative top-basement velocity interface from the P4 profile is used (Grad et al. 2003; Fig. 8 ). The refraction top-basement steeply descends SW of the Karnkowo IG-1 borehole (Fig. 8 ) that, together with the rise of the Moho, results in abrupt thinning of the EEC crystalline crust from 35-38 to 16-18 km. The thin crust is considered a Baltica's rifted passive margin (Grad et al. 2003; Mazur et al. 2015a; Mikołajczak et al. 2019) . The SW limit of the thinned EEC crust is not constrained as the main velocity intervals pinchout progressively at the transition into the low-velocity Variscan crust.
Carboniferous flysch has been drilled region-wide below the base-Permian unconformity. Most of the boreholes stopped after drilling short intervals (100-200 m) of the Carboniferous strata, but a few penetrated more than 1000 m. While the short Carboniferous intervals drilled do not permit construction of a structural cross-section, distribution of dip angles provides proxy to the structural style. Moderate to steep (30°-80°) dips predominate across the Carboniferous subcrop over a distance of ~ 160 km. No clear steepening/ shallowing trend is observed. We interpret the predominance of moderate to steep dips as an expression of thin-skinned folding and/or imbricate stacking of the Carboniferous series. Alternative solution would be a thick-skinned inversion, but this structural style normally results in broad low-to medium, dip domains separated by narrow steep domains, opposite to the frequency of dip angles in the boreholes. The borehole data leave a broad margin of uncertainty for a position of the Variscan deformation front. There exists a big gap in borehole coverage across the depocentre of the German-Polish Basin, between boreholes Września IG-1 and Byczyna 1 (Fig. 8 ). Both boreholes drilled steeply dipping Carboniferous strata that may suggest that the Variscan (Fig. 7a ), and c total horizontal derivative of RTP magnetic anomaly ( Fig. 7b) . A narrow frequency range of 5° was applied (72 intervals) to differentiate between the WNW-ESE Variscan structural grain and NW-SE trend of the end Cretaceous inversion structures. Histograms are weighted on length with reference to the most populous interval. Data are collected from the area covered by spectral analysis (white dashed polygon in Fig. 3 ). Note weak expression of the NE-SW trend among magnetic lineaments (c) (Pożaryski et al. 1992) to trace their version of the Variscan deformation front (Fig. 3 ). On the other hand, Malinowski et al. (2007) placed a thin-skinned deformation front north of the Września IG-1 borehole using seismic data, although of a questionable quality (VDF 2 in cross-section A). Deformation of the Carboniferous series in the Byczyna 1 well would have to be related e.g. to the Variscan far-field basement deformation or Alpine inversion of the German-Polish Basin. Available subsurface data are insufficient to univocally pin the Variscan deformation front and from this point of view both versions of the Variscan deformation front marked in cross-section A are admissible.
The Wolsztyn High forms a hinterland backstop of the fold-and-thrust belt. This unit is built of low-grade slates that were drilled by several boreholes. For example, the Bielawy-1 well projected onto cross-section A penetrated a thin interval of Carboniferous flysch and then c. 150 m of phyllites down to the TD. The peak metamorphic age of these low-grade rocks is constrained at 358.6 ± 1.8 Ma (Mazur et al. 2006b ) and protolith age remains unknown.
The Wolsztyn High apparently overlies the thinned EEC crust and this indicates its horizontal emplacement over the Baltica's margin. Carboniferous clastics occur in a transgressive position on top of the Wolsztyn High e.g. in the boreholes Bielawy 1 and Święciechowa 1. This marks a backstepping of the foreland basin onto the hinterland. According to Mazur et al. (2010) , the Carboniferous series contain a significant detrital signature of a Late Devonian source, in line with the erosion and subsequent burial of the Wolsztyn High. Farther SW, the Odra Fault brings middle-grade and igneous rock of the Variscan hinterland to the shallow subcrop (e.g. Oberc-Dziedzic et al. 1999; Dörr et al. 2006 ). The Variscan crystalline units are depicted jointly as their internal structure is beyond the scope of this paper.
Internal geometry of the fold-and-thrust belt, in particular the position of its sole thrust, degree of tectonic stacking, and coupling with its metamorphic hinterland remain underconstrained as there is no unique structural solution to the sparse data. Despite of this, a series of geological and geophysical proxies help to narrow down the margin of uncertainty. No pre-Carboniferous rocks have been drilled at the base-Permian unconformity despite of folding/imbrication of Carboniferous series, and locally very dense borehole coverage. It may be due to the stratigraphic position of the sole thrust within the Carboniferous strata. A deeper detachment is equally admissible, provided low displacements of particular thrust or/and low ramp angles that would preserve pre-Carboniferous units below the Variscan unconformity. The Carboniferous series correspond to a distinct velocity domain of 4.75 km/s (Grad et al. 2003 ). This velocity is characteristic of well-compacted clastics, in agreement with the dominant flysch lithologies. The interval is, however, relatively thin and thickens towards the foreland, opposite to a typical wedge-like cross-sectional geometry of fold-and thrust belts. Below, there is a 5.75 km/s layer, interpreted as pre-Carboniferous Baltica's passive margin sedimentary cover (Grad et al. 2003) . Notably, similar velocities of 5.5-5.9 km/s occur in exposed, drilled, or well seismically resolved Ediacaran-lower Cambrian clastics in the Małopolska Block and Lublin Basin along the CEL02 profile (cross-section B) that strengthens this interpretation. A rise of the top of this interval towards the Wolsztyn High to 2-3 km b.s.l. may indicate a tectonic involvement of the pre-Carboniferous in the internal part of the fold-and-thrust belt. A trajectory of the sole thrust towards either version of the Variscan thin-skinned deformation front (VDF 1 and VDF 2 in the cross-section A) is unknown. In particular, whether it passes into an intermediate detachment in the Carboniferous or remains within the pre-Carboniferous stratigraphy until reaching the frontal ramp.
Cross-section B
The Palaeozoic basement along cross-section B remains shallow as compared to cross-section A (Fig. 8) . Maximum thickness of the Permian-Mesozoic merely exceeds 1.5 km and there are two outcropping Palaeozoic inliers in the Holy Cross Mountains and Kraków areas. This, together with recently published seismic data, provides a relatively good insight into the pre-Permian geometries.
The frontal units of the Variscan belt in SE Poland are the Lublin Basin and the Radom-Kraśnik High. Their internal structure is depicted according to (Antonowicz et al. 2003; Krzywiec et al. 2017a, b; Tomaszczyk and Jarosinski 2017; Mazur et al. 2018; Kufrasa et al. 2019) . A wealth of seismic data presented in these papers supports a thin-skinned deformation style above a continuous slope of the EEC. The top of the crystalline basement of the EEC along the section line is hard-constrained by Wisznice-1, Parczew IG-10 and Tarkawica-3 wells in the extreme NE. Intersections with the PolandSPAN™ PL1-1000 and PL1-1100 lines provide additional ties in the Lublin Basin. The velocity interface in the CEL02 profile interpreted as the top-basement by Malinowski et al. (2005) is situated at 12-15 km b.s.l. in the Lublin Basin, rising towards the Radom Kraśnik High (Fig. 8) . The large top-basement depth and its NE dip seems to be anomalous and the Ediacaran-Ordovician section marked by the 5.7 km/s velocity is unusually thick as compared to the nearby CEL01 seismic refraction survey (Środa et al. 2006 ) and reflection surveys from surrounding areas (Krzywiec et al. 2017a, b; Kufrasa et al. 2019) . A reason of this apparent discrepancy is a 6 km deep Neoproterozoic halfgraben identified by Krzywiec et al. (2018) in the PL1-1000 seismic line. Intersection of cross-section B with the PL1-1000 line falls very close to half-graben axis where the topbasement is at ~ 16 km b.s.l. This is ~ 2 km deeper than the top-basement velocity interface in the CEL02 line at this location. While a 3D geometry of this half-graben is not constrained, a deep position of the refraction top-basement in the CEL02 line under the entirety of the Lublin Basin suggests it may be a strike-or strongly oblique cut. A normal fault of the half-graben, possibly intersecting the section at a very low angle, has been conceptually placed, where the refraction top-basement rises steeply NE. SW from the tie provided by the PL1-1000 line, the top-basement in crosssection B follows the refraction top-basement. It regains its SW dip under the frontal part of the Radom-Kraśnik Block and descends continuously to more than 20 km b.s.l. below the Małopolska Block.
The Variscan deformation front emerges as the Kock Fault Zone interpreted as a thin-skinned ramp triggered by a basement step (Krzywiec et al. 2017a, b; Tomaszczyk and Jarosiński 2017) . The Lublin Basin is a passive syncline detached and displaced NE along a detachment in the Silurian series. A stack of thrust sheets detached near a basement-cover interface and involving a thick Neoproterozoic-upper Palaeozoic sedimentary pile forms the Radom-Kraśnik High. As no direct constrains on the subsurface geometries exist along cross-section B, the geometry is conceptual, reproducing the tectonic style known from the surrounding areas (Krzywiec et al. 2017a, b) . The minimum thin-skinned shortening in the Radom-Kraśnik Block and Lublin Basin is estimated at ~ 15 to 20 km. The shortening has been transferred from the SW which testifies to the Variscan emplacement of the Małopolska Block onto the margin of the EEC (Krzywiec et al. 2017b) .
Variscan deformation in the Małopolska Block involves Ediacaran-lower Cambrian substrate and highly incomplete and discontinuous post-lower Cambrian Palaeozoic cover. Notably, middle-upper Cambrian and Ordovician-Silurian are nearly entirely missing apart from the Holy Cross Mountains, where a less eroded NE margin of the Małopolska Block crops out. Long wavelength folds or fault blocks define first-order structural fabric; relatively low density of boreholes does not permit differentiating between tectonics styles. It is also likely that the density of lower-order structures is underestimated for the same reason. Detachment must be located within the Neoproterozoic sediment pile or within the basement, possibly in the middle/lower crust. The latter possibility is supported by the deep reflection survey POLCRUST-01 (Malinowski et al. 2013 ) that shows strong yet discontinuous and vertically offset reflectors in the deep subsurface of the Małopolska Block. The two scenarios, however, do not mutually exclude one another.
The Brunovistulian Terrane is a coherent crustal block with a shallow top-basement and distinct velocity structure contrasting with that of the Małopolska Block (Malinowski et al. 2005) . It features a Cadomian basement (Żelaźniewicz et al. 2009 ) and discontinuous Palaeozoic cover, largely lacking a lower Palaeozoic section. The two units are separated by the Kraków-Lubliniec Fault the Brunovistulian side of which is less eroded than the Małopolska side. This suggests a NE dip of the fault zone although alternative solutions are also possible given no direct control on the fault geometry. The top-basement of the Brunovistulian Terrane is hard-constrained by the Kęty 7 borehole in the extreme SW of the cross-section. Borehole data suggest deepening of the basement towards the Kraków-Lubliniec Fault, a trend confirmed by the refraction top-basement.
Along-strike correlation
Comparison of cross-sections A and B reveals similarities but also some profound differences in the geometry and crustal-scale components of the Variscan belt on both sides of the presumed oroclinal bend. Primarily, both sections show a thin-skinned deformation front: vaguely constrained in the cross-section A and well constrained in the cross-section B. Is it the same deformation front crossing Poland from the NW to SE or two independent features separated by the oroclinal loop of the fold-and-thrust belt? A map of maximum dips recorded in cores from Carboniferous and Devonian strata approximates a distribution of Variscan deformations and delineates potential foreland areas; hence, it helps to delineate a Variscan deformation front between the two cross-sections ( Fig. 9 ). Moderate to steep dips predominate across-and along-strike of the Devonian-Carboniferous subcrop over the entire area between the two cross-sections and beyond. Boreholes with lower dips are less common and concentrate over the Wolsztyn High, where the Carboniferous is less deformed owing to its transgressive position on top of the Variscan low-grade basement. A belt of low to subhorizontal dips stretches only along the NE perimeter of the Devonian-Carboniferous subcrop (Fig. 9 ). We interpret this zone as the NE Variscan foreland beyond the reach of the Variscan thin-skinned deformation. Therefore, out of the two extreme positions of the Variscan deformation front marked in cross-section A (Fig. 8) , we favour the most distal one labelled VDF 1 in Fig. 8 and VDF in Fig. 9 . This solution is also compatible with the results of processing of gravimetric and magnetic data presented before. Importantly, there is no signature of an N-S striking foreland along any of the "oroclinal" versions of the Variscan deformation front. Instead, there exists an uninterrupted zone of steep dips crossing the presumed N-S branch of the Variscan foldand-thrust belt. This is consistent with the NE-SW trending gravimetric and magnetic fabric ( Fig. 6 ) and suggests a certain degree of tectonic continuity between the Variscan structures in W and SE Poland.
Despite of the common NW-SE trending deformation front, the crustal-scale configurations of the Variscan belt along cross-sections A and B are markedly different. The Variscides in SE Poland (cross-section B) are missing an orogenic core. The entire assemblage consists of pre-Variscan basement units overlain by deformed but non-metamorphosed Palaeozoic rocks. Conversely, there are no pre-Variscan crustal blocks (e.g. the Brunovistulian Terrane) embedded in the external Variscides of W Poland (cross-section A). Instead, there is a prominent metamorphic hinterland and a Carboniferous fold-and-thrust belt that jointly produce a fairly regular structural zonation of a collisional orogen. In consequence, while the external zone of the Variscan orogen seems to parallel the NW-SE trending margin of the EEC as indicated by the gravimetric and magnetic patterns, the internal zones must envelope the Brunovistulian Terrane from the W and S/SW. The difference coincides with an abrupt vs stepwise thinning of the EEC crust along cross-sections A and B that is a plausible reason for a closer advance of the internal Variscan units towards the EEC in W than in SE Poland. Another consequence of the different anatomies of the Variscan belt in W and SE Poland is a question of continuity of the Odra and Krakow-Lubliniec Faults (cross-sections A and B, respectively; Fig. 2 ). Although aligned in the map-view, these important faults are difficult to correlate: the former separates lowand medium-grade Variscan units, while the latter forms a boundary between the pre-Variscan Brunovistulian Terrane and Małopolska Block. If both faults are the same structure, it would have to postdate an emplacement of the Variscan metamorphic units of W Poland (cross-section A). One may also hypothetically consider the Kraków-Lubliniec and Odra Faults an expression of the distal edge of Balticaoverridden by Variscan orogen in W Poland (cross-section A) and largely preserving its pre-Variscan configuration in SE Poland (cross-section B).
Main tectonic features from maps and literature

Major WNW-ESE Variscan strike-slip faults in the Sudetes and beyond
A number of NW-SE-oriented major late Carboniferous to Permian strike-slip faults with dextral kinematics, accompanied by smaller-scale sinistral complementary counterparts, were postulated by Arthaud and Matte (1977) around the Bohemian Massif and in SW Poland and eastern Germany within the frame of a mega-shear zone extending between the Urals and the Appalachians. In particular, they named the 'Elbe fracture', one stretch of which correlates with the Middle Odra Fault Zone at the northern foreland of the Sudetes, and a successive one with the Kraków-Lubliniec Fault farther east (Fig. 2) . The location, structural characteristics and dating of major strike-slip faults/shear zones in the Sudetes and their surroundings were the subject of later investigations focusing on details of regional geology (e.g. Aleksandrowski 1990 Aleksandrowski , 1995 Aleksandrowski et al. 1997; Żaba 1999; Aleksandrowski and Mazur 2002) .
The Upper Elbe Fault
The Upper Elbe Fault Zone (not to be confused with the Elbe Lineament or Elbe fracture mentioned earlier) is probably the best-known strike-slip feature within the Bohemian Massif, separating the Sudetes from the core of the massif (Figs. 2, 10 ). It can be traced from the NW vicinities of Dresden (Gotte and Hirschmann 1972; Mattern 1996) gradually increasing the dextral displacement to 15-20 km near Dresden and 100-120 km SE of the Elbe River (Rajlich 1987 (Rajlich , 1990a Aleksandrowski 1995) . The passive markers that can be used to determine a magnitude of movement along the fault are mutually displaced outcrops of the Izera and Erzgebirge gneisses as well as discontinuous magnetic anomalies (Rajlich 1987 (Rajlich , 1990a . A similar amount of dextral offset is also suggested by the displacement of the Saxothuringian Suture (separating the Saxothuringian and Teplá-Barrandian Zones) between the Erzgebirge and the Karkonosze-Izera Massif (Figs. 2, 10) as postulated by Mazur and Aleksandrowski (2001) and Konopásek et al. (2019) . Since the displacement along the Upper Elbe Fault decreases toward the boundary of the Rhenohercynian Zone the fault may have been a transfer feature, whose offset decreases along with the northward younging of deformation (Franke et al. 2017) . The Upper Elbe Fault is concealed by the Cretaceous North Bohemian Basin farther SE and its existence at the eastern margin of the Bohemian Massif is uncertain (Fig. 10) . However, there is a possible connection between the exposed part of the Upper Elbe Fault and the dextral fault that displaces the Železné Hory against the western, exposed part of the Teplá-Barrandian. Fig. 10 Variscan suture zones and major strike-slip faults overlaid on the tectonostratigraphic division of the Bohemian Massif (modified from Franke et al. 2017 , following Kossmat 1927 
The Intra-Sudetic Fault
The most conspicuous Variscan structural discontinuity in the Polish Sudetes is the WNW-ESE trending Intra-Sudetic Fault (Berg 1913; Oberc 1964; Don 1990; Aleksandrowski 1990 Aleksandrowski , 1995 Aleksandrowski et al. 1997) . It relates to a few hundred meters wide zone of ductile and semi-ductile deformation zone (Aleksandrowski et al. 1997) . The fault, together with its NW extension into Germany, the Main Lusatian Fault, define a roughly rectilinear, c. 300 km long, trace in map view (Figs. 2, 10) . None of the tectonic units present in the Sudetes directly continues across the Intra-Sudetic Fault (Fig. 10) . The apparent dissimilarity of geological features on both sides of the Intra-Sudetic Fault, with its SW flank heavily affected by early Carboniferous collisional processes, suggests an important lateral displacement along the fault. However, the scale of offset cannot be unequivocally calculated. Matte et al. (1990) consider the Intra-Sudetic Fault as a late Carboniferous dextral feature with the displacement magnitude of the order of a few tens of kilometres. According to Aleksandrowski (1990 Aleksandrowski ( , 1995 and Aleksandrowski et al. (1997) , the late Devonian(?)-early Carboniferous dextral displacement on this fault/ductile shear zone may have possibly reached up to c. 300 km, preceding its late Carboniferous reversal and the related sinistral displacement in semi-brittle conditions by c. 10-15 km. The former displacement may have removed the Kaczawa Slate Belt and Góry Sowie Massif from their possible original locations within the Northern Phyllite and Saxothuringian Zones, respectively (Fig. 10 ). Franke and Żelaźniewicz (2002) proposed that the Intrasudetic Basin represents a pull-apart basin formed along the Intra-Sudetic Fault, so that the extent of that basin in the WNW-ESE direction would equal the amount of displacement (~ 70 km). This is partly in accord with suggestions by Suess (1926) , Kossmat (1927) , Behr et al. (1982) and Franke et al. (1993) , who envisaged the Góry Sowie Massif as originally aligned with the Münchberg, Frankenberg and Wildenfels Massifs as later confirmed by analysis of gravity maps (Edel and Weber 1995) . Furthermore, after subtracting 100 km of dextral displacement along the Elbe Fault, the actual offset along the Intra-Sudetic Fault might have been significantly lower than originally postulated in its maximum version (Aleksandrowski 1995) to allow the correlation between Münchberg and Góry Sowie. Regardless of the actual size of the displacement, the Intra-Sudetic Fault disappears at the eastern margin of the Bohemian Massif (Fig. 10) . It is possible that the fault splits in a few splays north of the Orlica-Śnieżnik Dome before reaching the Moravo-Silesian Zone (Oberc 1991) . Alternatively, the Intra-Sudetic Fault may have been cut off by younger, N-Soriented displacements within the Moravo-Silesian Zone, at the boundary with the Brunovistulian terrane. Sinistral strike-slip displacements along the Moravo-Silesian Zone, preceding those of dextral sense (Rajlich 1987 (Rajlich , 1990a Aleksandrowski 1995) may have transferred it northward by c. 40 km to the position SW of the NW end of the 7, 11) . In such a case, the Intra-Sudetic Fault may have had its twice-displaced continuation in the Kraków-Lubliniec Fault Zone.
Middle Odra Fault
The Middle Odra Fault is a complex fault zone, representing a stretch of the 'Elbe fracture' of Arthaud and Matte (1977) , that defines the NE boundary of the known extent of Variscan crystalline basement of the Sudetes (Figs. 2, 8, 10) and is entirely concealed beneath Mesozoic and younger rocks. The non-metamorphosed Carboniferous flysch sediments of the Variscan externide belt are in contact, across this fault, with southerly located medium-grade gneisses and schists intruded by several granite plutons of early Carboniferous age (Oberc-Dziedzic et al. 1999; Żelaźniewicz 2000, 2002; Dörr et al. 2006) . This section of the Variscan basement has been compared in the past with the Mid-German Crystalline Rise (e.g. Ellenberger and Tamain 1980; Dörr et al. 2006) , the hypothesis that is admissible, but not fully confirmed based on the data available. The flysch succession north of the Middle Odra Fault is buried below the extensive Permian-Mesozoic sequence of the German-Polish Basin that attains 1 km of thickness near the contact with the Variscan basement and becomes gradually thicker northward. Consequently, an important post-Variscan dip-slip component of displacement along the Middle Odra Fault is proved. Apart from that, no other information on kinematics of the fault is available. Nevertheless, owing to an alignment with the Kraków-Lubliniec Fault (Fig. 2) , kinematic data from the latter might be, albeit with restrictions raised in Sect. 4.3, extrapolated to the Middle Odra Fault, especially as concerns late Carboniferous and younger displacements.
Kraków-Lubliniec Fault
The Kraków-Lubliniec Fault delineates a boundary between the Upper Silesian Block (the northern segment of the Brunovistulian Terrane) and the Małopolska Block that represents the non-metamorphic basement to the Palaeozoic Platform in SE Poland (Fig. 2; Buła Żaba 1999 Żaba , Buła 2000 . The fault coincides with a subvertical discontinuity in the P-wave velocity model of the CEL-02 seismic refraction profile reaching down to the lower crust (Malinowski et al. 2005) .
The Kraków-Lubliniec Fault is associated with a c. 500 m wide zone of semi-ductile and brittle deformation (Żaba 1999; Buła 2000) . Folding prevails in Ediacaran to Palaeozoic cover sequences at the margin of the Brunovistulian Terrane, whereas brittle tectonics predominates within the adjacent part of the Małopolska Block (Żaba 1999) . The fault crosscuts and offsets all Palaeozoic and older rock complexes, including the Permian (Buła et al. 1997; Żaba 1999; Buła 2000) . Strike-slip displacements dominated during the polyphase structural evolution of the Kraków-Lubliniec Fault with 3 major deformation events (Żaba 1999) : (1) sinistral transpression at the transition from Silurian to Devonian, (2) dextral transpression in late Carboniferous with an interlude of dextral and, locally, also sinistral, transtension, and (3) sinistral transpression in early Permian. In addition, vertical displacements played an important role, especially in the Late Devonian and early Carboniferous (Żaba 1999) . The contact zone between the Małopolska Block and Brunovistulian Terrane is penetrated by numerous igneous bodies of various age (Silurian to Permian) and composition (granites, porphyritic dacites, rhyolites, and minor mafic dykes; Żaba 1999; Słaby et al. 2010) . The peak of magmatic activity occurred at the transition from Carboniferous to Permian times (Żaba 1999; Żelaźniewicz et al. 2008; Nawrocki et al. 2010 ).
Dolsk Fault
Basement rocks underlying the Carboniferous flysch succession north of the Odra Fault remain generally unknown, except for two minor WNW-ESE-trending crystalline highs (Figs. 2, 10) . The larger of these, the Wolsztyn High, consists of phyllites that underwent low-grade metamorphism, the timing of which is constrained by a white mica 40 Ar/ 39 Ar cooling age of 358.6 ± 1.8 Ma (Mazur et al. 2006b ). The NE boundary of the Wolsztyn High is defined by the Dolsk Fault, whose sub-vertical geometry is inferred from a combination of seismic and well data (Dadlez 2006; Kiersnowski et al. 2010 ). On the P-4 seismic refraction profile (Grad et al. 2003) , the Dolsk Fault corresponds to a boundary between the low-velocity Variscan-type upper and middle crust to the SW and the three-layer crust underlying the Palaeozoic Platform in the NE (e.g. Grad et al. 2003 ).
Polarity of convergence within the Sudetic internides
A characteristic feature of the Sudetes, already mentioned in the introduction chapter, is the NW-SE oriented structural grain that contrasts with the most part of the Variscan belt extending SW-NE across Western Europe (Fig. 1) . The latter area reveals NW-or SE-ward tectonic polarity during successive phases of terrane accretion resulting from closure of the Rheic and, then, the Rhenohercynian, Saxothuringian and Galicia-Moldanubian Oceans (e.g. Franke 2000; Franke et al. 2017; Edel et al. 2018) . The change of a structural trend at the eastern termination of the Variscides was often evoked in favour of the Variscan orocline in Central Europe based on the assumption of post-collisional bending (e.g. Tait et al. 1996 Tait et al. , 1997 .
In some localities of the Moravo-Silesian Zone, and Tait et al. (1996) identified a magnetization direction that was interpreted by Tait et al. (1996) as a primary Devonian magnetization indicating large clockwise rotations during the Variscan orogeny. Consequently, Tait et al.'s (1996 Tait et al.'s ( , 1997 results were considered to support oroclinal bending around the NE flank of the Bohemian Massif. The orocline hypothesis was questioned by Edel et al. (2003) , who claimed that the Moravo-Silesian magnetization is a late Carboniferous overprint and that in the Devonian and early Carboniferous, the Bohemian Massif was too weakly consolidated to act as an indenter (Edel et al. 2003 ). In addition, relatively high thermal maturity of the Moravo-Silesian Devonian carbonates implies that preservation of a primary magnetization is rather unlikely. The more recent study by Grabowski et al. (2008) did not confirm the presence of primary magnetization, previously reported from the carbonate rocks of the Moravo-Silesian Zone Tait et al. 1996) . The oldest magnetization component that was believed to justify large tectonic rotations in the Moravo-Silesian Zone (orocline hypothesis; Tait et al. 1996 Tait et al. , 1997 ) reveals a synfolding geometry and it may represent an early Carboniferous overprint (Grabowski et al. 2008) . The occurrence of sub-parallel paleomagnetic directions in the Moravo-Silesian Zone (Grabowski et al. 2008) , central Bohemian Massif and Palaeozoic massifs of Western Europe implies common clockwise rotation phases during the middle-late Carboniferous (Edel et al. 2003 (Edel et al. , 2018 .
Several recent tectonic models for the Bohemian Massif postulate NW-SE convergence of the Saxothuringian, Teplá-Barrandian and Brunovistulian Terranes due to subduction and subsequent Variscan collision (e.g. Schulmann et al. 2009 Schulmann et al. , 2014 Lexa et al. 2011; Chopin et al. 2012; Žák et al. 2014) . This is also the case for the Sudetes, where NW-vergent regional-scale nappe stacking was demonstrated in some areas (Seston et al. 2000; Mazur and Aleksandrowski 2001; Mazur et al. 2004 Mazur et al. , 2006a Mazur et al. , 2015a Konopásek et al. 2019) and the Saxothuringian Suture shown to extend roughly NNE-SSW along the eastern Karkonosze-Izera Massif (Fig. 10 ; Mazur and Aleksandrowski 2001; Jeřábek et al. 2016 ). Furthermore, the western margin of the Brunovistulian Terrane, forming a backstop at the rear of the Sudetic accretionary prism, also extends NNE-SSW ( Fig. 10 ; Chopin et al. 2012; Mazur et al. 2012; Janoušek et al. 2014) . This geometry and structural kinematics are in line with the growth of the Orlica-Śnieżnik Dome due to eastward influx of a Saxothuringian-type passive margin sequence below a Teplá-Barrandian upper plate, as advocated by Chopin et al. (2012) . Consequently, the section of the Sudetes located between the Upper Elbe and Intra-Sudetic Faults (Fig. 10) shows a NW-ward tectonic polarity, similar to that in the remaining parts of the Bohemian Massif and German Variscides.
The recognition of the tectonic polarity NE of the Intra-Sudetic Fault is less obvious. This is due to the fact that none of the Sudetic units west of the Brunovistulian Terrane, continues northward beyond the fault. In addition, the exposure of the Variscan basement is poorer in the northern part of the Sudetes. Nevertheless, the belt of outcrops between the Intra-Sudetic and Odra Faults reveals an increase in metamorphic grade towards the SE, with the Góry Sowie Massif in the south-easternmost position. This sequence can be interpreted to represent a tectonic stack with metamorphic inversion, tectonic boundaries dipping grossly toward the SE and the WNW-ward directed tectonic transport (Franke et al. 1993; Seston et al. 2000) . Although their hypothesis is not fully substantiated by available evidence, it is consistent with the dominant WNW-ESE orientation of stretching lineation that is identical on both sides of the Intra-Sudetic Fault (e.g. Aleksandrowski and Mazur 2002) . Consequently, at the present state of the art, there is no factual evidence for a diverse convergence polarity within the Sudetes compared to the remaining part of the Variscan belt.
The Variscan deformation front in Poland
The location of the Variscan deformation front in Poland beneath the Permian-Mesozoic German-Polish Basin has been variously interpreted over the past decades (e.g. Jubitz et al. 1986; Pożaryski et al. 1992; Narkiewicz 2007) . The two best-known interpretations (Jubitz et al. 1986; Pożaryski et al. 1992) both postulated oroclinal bending of the Variscan front in SW Poland, before reaching the Holy Cross Mts. located farther east ( Fig. 3 , VDF (A) and VDF (B), respectively). Jubitz et al. (1986) attached more weight to the facies characteristics of Carboniferous sediments. Their Variscan front largely outlines the extent of lower Carboniferous flysch. In contrast, Pożaryski et al. (1992) mostly based their interpretation on the distribution of Carboniferous (predominantly late Carboniferous) deformation. This, probably more appropriate, criterion was biased by a limited number of wells penetrating the Carboniferous strata. Numerous other papers and interpretations over the recent decades have presented solutions being a various type of compromise between these end member solutions (e.g. Dadlez et al. 1994; Mazur et al. 2006a; Narkiewicz 2007) . Furthermore, all these interpretations were to some extent affected by the assumption made by their authors that "miogeosynclinal" areas as the Holy Cross Mts. and the SW slope of the East European Craton cannot be parts of the orogen per se (cf. Mazur et al. 2006a; Narkiewicz 2007; Konon 2008) . Notably, until 1960s, based exclusively on exposures of pre-Permian rocks, an extension of Variscan deformations toward the Holy Cross Mts. and farther east was a commonly accepted interpretation (e.g. Bertrand 1887; Nowak 1927; Bederke 1930; Książkiewicz et al. 1965 ; but see also more recent interpretation by Ziegler 1990 ).
The Variscides in SE Poland (Lublin Variscides)
The occurrence of Variscan thin-skinned, compressional deformation structures east of the Holy Cross Mountains, over the Radom-Kraśnik Block and the Lublin Basin (Fig. 2) was first postulated by Antonowicz et al. (2003) and Antonowicz and Iwanowska (2004) , i.e., in areas located far beyond the then generally accepted eastern extent of the Variscan fold-and-thrust belt (Figs. 2, 3; Jubitz et al. 1986; Pożaryski et al. 1992) . Recently, combined POLCRUST-01 and Polan-dSPAN™ deep seismic reflection surveys (Malinowski et al. 2013; Krzywiec et al. 2014 ) along with newly acquired industrial seismics (Krzywiec et al. 2017a, Tomaszczyk and Jarosiński 2017) imaged a Variscan thin-skinned foldand-thrust belt encroaching onto a little deformed basement slope of the EEC (Krzywiec et al. 2017a, b) . This belt of thin-skinned deformation involves a number of sub-Permian tectonic units of Poland's Palaeozoic platform, to a various degree overprinted by Variscan shortening and inversion (cross-section 'B' in Fig. 8) .
The seismic data show that the Radom-Kraśnik Block and the Lublin Basin represent a NE-vergent thin-skinned system overthrust toward the craton. The former unit is a thrust stack that imbricates a 10-12 km thick pile of Neoproterozoic to Devonian sediments. Its leading edge is a triangle zone related to the jump of the basal detachment from a basement-cover interface to Silurian shales. The passive roof of this triangle zone involves Carboniferous strata.
Geometric and kinematic models
Strike-slip model
The NE-SW to NNE-SSW orientation of the early Carboniferous sutures in the Sudetes (Saxothuringian and Staré Město Sutures) and a probable SE direction of preceding subduction (Fig. 11) suggest unchanged polarity of the Variscan belt from Germany to Poland. Such a configuration supports a strike-slip model for the eastern termination of the Variscan belt (Fig. 12a ). This model is consistent with a coherent WNW-ESE orientation of structural grain in the Variscan foreland beneath a cover of Permian-Mesozoic strata (Figs. 5, 6, 7) . Potential field data also reveal that the NNE-SSW Variscan sutures do not continue northward into the Variscan foreland Figs. 3, 5, 7) . This may mean that (1) the potential continuation of the sutures was laterally displaced, (2) the Variscan system in the Late Devonian-early Carboniferous was tectonically decoupled from its present-day northern foreland or both. Indeed, as already mentioned, the terranes of the Bohemian Massif were weakly consolidated before the late Carboniferous. In addition, the supposed subduction zones in the Sudetes were oriented at a high angle to the Laurussia margin. Therefore, the SW edge of Baltica may have formed a transform margin during the Late Devonian and earliest Carboniferous.
Strike-slip displacements in the Sudetes may have been related to a general dextral regime between Gondwana and Laurussia at the late stage of the Variscan orogeny (e.g. Arthaud and Matte, 1977) . On the local scale of SW Poland and adjacent areas, the general lateral displacement between the supercontinents could have been conveyed by a set of mutually parallel crustal discontinuities, such as the Elbe, Intra-Sudetic, Odra, Dolsk and Kraków-Lubliniec Faults (Figs. 11, 12a ). All these fault zones are consistently trending WNW-ESE, oblique at a low angle to the Teisseyre-Tornquist Zone. An episode of dextral strike-slip faulting occurred at the late stage or after cessation of the Variscan collision in the Sudetes (Figs. 11, 12a ). The Saxothuringian Suture is dextrally displaced by ~ 100 km along the Elbe Fault (Fig. 11 ), suggesting a post-subduction displacement. On the other hand, neither the Upper Elbe Fault nor the Intra-Sudetic Fault do not significantly displace the course of the Staré Město (Moravian) Suture (Fig. 11) . This may suggest a retreat of a subduction slab at the western margin of the Brunovistulian Terrane (Janoušek et al. 2014, their Fig. 12 ), the situation analogous to the present-day Apennines (e.g. Royden 1993; Scrocca et al. 2007 ). This interpretation, though hypothetical, can be tested since the slab retreat should have caused a significant extension at the rear (i.e. eastward) of the Staré Město (Moravian) Suture.
The amount of displacement on the Intra-Sudetic Fault, terminating the Saxothuringian Suture from the north, remains uncertain. The correlation of the Góry Sowie Massif with the Münchberg, Widenfels and Frankenberg Massifs ( Fig. 11 ; e.g. Franke et al. 1993; Martínez Catalán et al. 2020 ) would imply ~ 200 km of the total net displacement (~ + 100 km on the Intra-Sudetic Fault). The derivation of the Góry Sowie Massif from the Mid-German Crystalline High (Aleksandrowski 1990 (Aleksandrowski , 1995 would require 300 km of dextral movement.
The amount of displacement on the Odra Fault must have been very large if the basement block between the Odra and Dolsk Faults is a displaced fragment of the Rhenohercynian Zone. However, it is also possible that this part of the basement represents another section of the Laurussia margin affected by the Variscan tectono-metamorphic imprint. Such a possibility is reconcilable with the strike-slip model (Fig. 12a ) but makes estimates of displacement along the Odra Fault uncertain.
Semi-orolicline model
Since the seismic refraction models (Grad et al. 2003 (Grad et al. , 2008 image the Variscan-type crust with a velocity structure fitting that of the orogenic basement between the Odra and Dolsk Faults (Wolsztyn Block; Fig. 11 ), this crustal block might have been affected by Variscan deformation and metamorphism. This is supported by the presence of phyllites with the latest Devonian-earliest Carboniferous low-grade metamorphic overprint in the basement of the Wolsztyn High (Mazur et al. 2006b) . A comparable tectonic setting of a passive margin accreted to an orogenic wedge has been imaged by the DEKORP line crossing the Rhenohercynian Zone (e.g. Oncken et al. 1999) . Following this analogy, a crustal block between the Odra and Dolsk Faults can represent an extension of the Northern Phyllite Zone (Franke et al. 2017) , right-laterally displaced by WNW-ESE directed shearing (Fig. 12a ).
An alternative solution is a 'semi-orocline' involving the Northern Phyllite and Rhenohercynian Zones, reoriented by a strike slip-related bending to assume the WNW-ESE trend (Fig. 12b ; Franke and Żelaźniewicz 2002; Winchester et al. 2002; Franke et al. 2017) . Geophysical data do not show regional bending of the structural grain in the Variscan foreland, but this may occur farther NW in eastern Germany, which is not covered by our data. In such a model, the Odra Fault would represent a cryptic Rhenohercynian Suture with the SSW tectonic polarity in the present-day coordinates (Fig. 12b) .
Still another possibility would be an oroclinal loop developed between the Wolsztyn Block and the allochthonous units of the Moravo-Silesian Fold-and-Thrust Belt (MSB in Fig. 11 ). Such a link is partly suggested by the southward bending (c. 40°) of the Odra Fault east of Wrocław and the gravity anomalies associated (Figs. 5, 7) . In this scenario, a low-grade to non-metamorphic rock series envelope the Staré Město (Moravian) Suture, which is terminated by the Odra Fault in the north. However, the latter suture cannot be equivalent to the Rhenohercynian one because of their mutually opposite polarity. Furthermore, the potential oroclinal loop is absent from the Variscan externide belt farther north.
NE-SW shortening
A peculiar feature of the band-pass filtered gravity anomaly pattern as well as other derivatives of gravity and magnetic fields is the lack of continuity between the Odra and Kraków-Lubliniec Faults (Figs. 5, 7) . This is in-line with the results of along-strike comparison of cross-sections A and B (Fig. 8 ) that casts shadow on the continuity of these two faults based on geological premises. If this is a primary feature it would imply a limited amount of late Variscan displacement along the latter fault. However, the possible original continuity of the Odra and Kraków-Lubliniec Faults could have been disturbed by the younger Moravian Shear Zone (Rajlich 1990a, b) that is oriented approximately perpendicular to both the faults (Fig. 11) . The clockwise bend of the Odra Fault and gravity anomalies north of it (Fig. 5,  7) may suggest an important right-lateral displacement event in the zone east of the Staré Město Suture.
The dextral sense of movement on the Moravian Shear Zone is consistent with the kinematics of other late Variscan deformations, post-dating the phase of dextral displacements along the WNW-ESE faults (Fig. 11) and with the NE-SW to NNE-SSW directed regional shortening that affected the entire Variscan foreland at that time. The stratigraphic information allows to constrain the timing of this late Variscan deformation event to the late Westphalian (c. 305-300 Ma; Mazur et al. 2010; Waksmundzka 2014) .
The continuation of the Variscan deformation front at least to the Polish-Ukrainian border (Figs. 5, 7, 11) suggests that the late orogenic push toward the NE had its source in the southern area of the present-day Carpathians. Consequently, the Variscan shortening must have been transferred to the shallow margin of the EEC across the whole assemblage of pre-Variscan structural and paleogeographic units of SE Poland. We speculate that the Variscan orogenic belt was enveloping the Brunovistulian Terrane also from the south, being the main source of EEC-ward directed shortening. Paleotectonic maps in Matte (1986 Matte ( , 1991 ) indicate a continuation of the Variscan belt around the southern perimeter of Laurussia approximately to the present Caucasus area. Variscan basement closest to the external Variscide belt of SE Poland is exposed in the Tatra Mts. and contains relics of an oceanic crust of the Tornquist Ocean involved in Variscan nappe stacking and metamorphism (Gawęda et al. 2017) . The Variscan complex of the Tatra Mts. belongs, however, to the far-travelled Adria-derived group of units (Schmid et al. 2008 ) and its original location with respect to Baltica and position within the Variscan orogen is uncertain. Nevertheless, despite the allochthonous character of the pre-Alpine Western Carpathians basement, Variscan and Cadomian age spectra were obtained from metamorphic and igneous clasts in debris flows in the external flysch nappes (Poprawa et al. 2005; Budzyń et al. 2011; Oszczypko et al. 2016 ). Palinspastic restorations place source areas < 100 km south of the of the European Plate margin (Roca et al. 1995; Nemčok et al. 2001 ) that evidences a persistence of exposed Neoproterozoic-Variscan basement in that area at least until the Palaeocene. This refers, however, to a post-rifting paleogeography, whereas a pre-Jurassic position of Variscan source areas for the Outer Carpathian debris flows must have been more proximal. Consequently, the Małopolska Block and Brunovistulian Terrane must have once bordered from the south on the Variscan orogen that induced N-S compression in its northern foreland.
Discussion and conclusions
The shape of the Variscan deformation front in the map view, together with the WNW-ESE orientation of the regional structural grain (Fig. 6 ), parallel to major strikeslip faults, are inconsistent with the presence of an oroclinal loop within the external, non-metamorphic Variscan belt. Our geophysical and geological data also favour a dextral strike-slip contact between the internal zones of the Variscan orogen (Bohemian Massif) and its northern foreland (Polish Lowland), on which the Variscan external fold-thrust belt has developed (Fig. 12a ). However, a semi-oroclinal geometry i.e., a c. 90° bend of the North Phyllite Zone, masked by younger sediments in NE Germany (Fig. 12b ; e.g. Winchester et al. 2002; Żelaźniewicz 2000, 2002) , is still possible. Such a pattern would imply a continuity of the Rhenohercynian Suture as a cryptic feature along the Odra Fault, with its ESE ending remaining enigmatic. The latter problem was addressed by Winchester et al. (2002) , who proposed a concept of the so-called Moravian Line.
The Moravian Line is thought to represent the NNE-SSW oriented eastern plate boundary of East Avalonia that is currently aligned subparallel to, though genetically unrelated with the Staré Město (Moravian) Suture. In this concept, Winchester et al. (2002) refer to geophysical evidence provided by a crustal boundary imaged on the POLONAISE'97 P1 seismic refraction profile (Jensen et al. 1999) . Indeed, the P1 line crosscuts the Dolsk Fault (Fig. 2) , imaging a boundary between the low-velocity Variscan-type crust in the SE part of the P1 profile and the three-layer crust of the Palaeozoic Platform in its NW part (Jensen et al. 1999, their Fig. 6 ). The highly oblique intersection of the Dolsk Fault with the P1 profile appears moderately inclined (Jensen et al. 1999) . Consequently, Winchester et al. (2002) assumed that the boundary imaged by the P1 profile represented a feature roughly orthogonal to the section and, in this way, pinpointed location of the hypothetical N-S oriented Moravian Line. The latter is, however, not confirmed by either potential field data (this paper), seismic velocity models (Grad and Polkowski 2016) or borehole structural data (Mazur et al. 2010 and this paper) and, thus, most probably does not exist.
The problem of the SE termination of the Wolsztyn Block (Fig. 11) , comprising low-grade Variscan basement, would be solved if the latter continues into the allochthonous units of the Moravo-Silesian fold-and-thrust belt, comprising Devonian-Tournaisian deep water basinal facies (e.g. Bábek et al. 2006) . Such an oroclinal bend would be squeezed between the Varican internides in the south and Varican foreland rigid basement in the north and restricted to a narrow zone of low-grade to non-metamorphic preorogenic sediments.
The strike-slip kinematic model proposed in this paper can be well correlated with the sequence of tectonic events in the European Variscan belt during late Palaeozoic times that was proposed by Edel et al. (2018) . According to these authors, the late Palaeozoic relocation of subduction to the northern margin of the Palaeotethys Ocean was responsible for N-S shortening of the Variscan belt at around 335-325 Ma. This deformation resulted in dextral reactivation of transform boundaries associated with anticlockwise rotation of intermittent blocks as major strike-slip faults (Edel et al. 2018; their Fig. 7) . These WNW-ESE trending faults remained active during the subsequent transtensional event at 325-310 Ma that is also consistent with our kinematic strike-slip model. During this latter event new sets of sinistral, NNE-SSW trending transfer faults also originated (Edel et al. 2018) , one of them being the Moravian Shear Zone. The whole system subsequently suffered a period of NNE-SSW shortening at 310-300 Ma that affected the Variscan belt along the former Laurussian plate boundary due to a hard collision with Gondwana. This deformation event was associated with the clockwise rotation of Laurussia together with the accreted northern sector of the Variscan belt and the anticlockwise one of Gondwana (Edel et al. 2018 ) and corresponded to the final stage of the then orogenic shortening in Poland that created the Variscan deformation front (Fig. 11 ).
